Abstract: We report on the design, fabrication and characterization of silica microtoroid based cavity opto-electromechanical systems (COEMS). Electrodes patterned onto the microtoroid resonators allow for rapid capacitive tuning of the optical whispering gallery mode resonances while maintaining their ultrahigh quality factor, enabling applications such as efficient radio to optical frequency conversion, optical routing and switching applications.
Introduction
High optical quality factor (Q) cavities, and in particular whispering gallery mode (WGM) resonators are broadly used optical components. Due to the combination of high Q and low mode volume, they are a platform of choice for a wide range of applications including optomechanics [1, 2, 3, 4, 5] , optoelectromechanics [6] , optical add-drop filters [7] , on-chip lasers [8] , bio-and magnetic sensing [9, 10] and frequency comb generation [11] . The ability to spectrally tune the WGM resonances of these resonators, preferably in a reversible fashion, is of great interest for many of these applications. This tunability can for instance be used to overcome microfabrication induced size variability [12] or temperature associated frequency drifts, lessening the need for bulky and expensive tunable laser sources. It also permits optical switching, reconfigurable optical routing [13] and is required for any kind of on-chip network of interacting high Q resonators [14] . Silica is a particularly advantageous material for on-and off-chip photonics thanks to its extremely low optical absorption, low susceptibility to two-photon absorption and associated free carrier absorption, and the absence of lossy surface states requiring passivation. In particular silica microtoroids [15] and silica wedge resonators [8] 
Device design and fabrication

Design
Figure 1(a) shows a schematic top view of the designed device. It consists of a reflown silica microtoroid resonator [15] , in which a circular slot of width g has been etched out, in order to allow for greater mechanical compliance. Gold electrodes are patterned on either side of this slot to enable capacitive actuation. Upon the application of a bias voltage between the electrodes through the contact pads P1 and P2, the attractive capacitive force strains the microtoroid resulting in an effective reduction in the microtoroid cavity length and an associated frequency shift of the microtoroid whispering gallery resonances. The outer portion of the silica microtoroid is mechanically supported by a single anchor which also serves to connect the outer electrode to the contact pad P1. The position of this anchor is marked by an asterisk in Figure 1 (a). Even with a single narrow anchor, the sag of the outer portion of the microtoroid is minimal as confirmed by finite element method (FEM) simulations. 
Modeling
The application of a bias voltage V between the electrodes leads to an attractive capacitive force F cap :
Here x is a displacement and C (x) is the position dependent capacitance formed by the two capacitor plates, see Fig. 2 (a). The value of C (x) for our device is extracted from FEM simulations and plotted as a function of the gap between the electrodes in the top panel of Fig. 2 
(b).
The associated force F cap /V 2 given by Eq. (1) is plotted in the lower panel. The capacitive force leads to a deformation of the outer ring ∆x and a shift in the WGM resonance frequencies ∆ω 0 given by:
where g om ω 0
R is the optomechanical coupling term [25, 26] , R the major radius of the microtoroid, and k = m eff Ω 2 M the effective stiffness of the slotted microtoroid which links the effective change in radius of the cavity to the applied force. α is the optical tunability of the structure [27]. With our nominal fabrication parameters (R 60 microns after reflow, electrode width of 5 microns, gap g of 2 to 3 microns), our modeling predicts a tunability α/2π in the range of 3 to 4 kHz/V 2 . Figure 3 outlines the main microfabrication steps. Starting from a silicon wafer with a 2 micron thick SiO 2 thermal oxide, slotted disks are patterned with standard photolithography using positive resist (AZ 1518 -red layer), followed by a wet buffered oxide etchant (BOE) etch (steps 1 and 2). The position of the electrodes is defined in step 3, using a mask aligner and negative lift off resist (AZ nLOF 2020 -purple). Next a 10 nm thick tungsten adhesion layer and 100 nm of gold are deposited upon the sample with an e-beam evaporator (step 4) and a lift off is performed by soaking in warm remover (step 5), yielding slotted silica disks with gold electrodes. Steps 6 through 9 describe a two step undercut and silica reflow process, in order to prevent damage to the gold electrodes during reflow. The CO 2 laser reflow of silica is a runaway thermal process due to silica's temperature dependent absorption coefficient, whereby increased temperature in the silica results in greater optical absorption and further increases in temperature [15] . However, owing to the high thermal conductivity of silicon, the silica which is not undercut and remains upon this silicon heat sink remains essentially unaffected by the reflow process. As a result, the gold electrodes remain unaffected by the CO 2 laser pulse provided they are lying over non-undercut silica. For this reason the central portion of the disk is protected in a third lithography step (step 6), to avoid undercutting through the slot in the first xenon difluoride (XeF 2 ) undercut (step 7). After removal of the protective mask, each disk is exposed to a CO 2 laser pulse which reflows the outer rim of the disk, while leaving the electrodes and the narrow anchor pristine (step 8). Finally the chip is further undercut with a second XeF 2 underetch step which releases the slot and enables capacitive actuation (step 9). Note that these fabrication steps are similar to those used to fabricate low-loss spoked microtoroid resonators [1] . Care must be taken to maintain a sufficient distance between the electrodes and the edge of the reflown toroid, in order for the confined optical modes to have sufficiently decayed before they reach the metal and not incur significant loss. FEM simulations (not shown here) show that ∼10 microns is sufficient for the WGM electromagnetic energy to have decreased by 70 dB, and can be considered a safe distance.
Fabrication
Characterization
To investigate the optical characteristics of the fabricated devices, laser light from a tuneable diode laser in the telecom C band is evanescently coupled into the microtoroid with a pulled fiber taper. Spectroscopy of the devices reveals numerous classes of WGM resonances, separated by a free spectral range of approximately 5 nm. The highest measured quality factors are in the mid 10 7 range, as shown in Fig. 4(a) . Control microtoroids on the same chip fabricated without electrodes were found to have similar Qs, indicative that our current Qs are limited by fabrication and reflow and not by the presence of gold electrodes.
DC tunability
Figure 4(b) shows a schematic of the experimental setup used to characterize the response of the devices to an applied voltage across the capacitor plates. The dimensions of the device are too small for the use of conventional wire bonding techniques in the current geometry. Instead, we employ micrometer-sized tungsten probe tips on micropositioning stages to electrically contact the pads P1 and P2 shown in Fig. 1(a) . Connection of the electrodes to a bias tee then enables the simultaneous application of DC and AC voltages. We ascribe the somewhat higher value observed in the experiments to the slope in the sidewalls of the slot resulting from the wet etching process, which results in an increased electrode surface area. We show in Fig. 4 that the device can be tuned by more than 20 linewidths, enabling switching, routing as well as add/drop applications [13] . Note that the optical Q remains unaltered throughout the tuning procedure, retaining its high value. The maximum value of the DC current which can be applied to the electrodes, and therefore the tuning range, is ultimately limited by the breakdown voltage of the electrodes, which was experimentally determined to exceed 300 V and is further discussed in section 6.1.
Broadband operation
Harmonic response
In this section we focus on the dynamical response of the device, which we will successively characterize according to two main metrics. The first metric corresponds to the response of the device to harmonic driving, and measures how fast the optical output of the device can be harmonically modulated before incurring a cutoff in its response. In the general case, the maximal modulation rate will be limited by one of the following: the capacitor's response time τ C , the optical cavity lifetime τ cav or the mechanical response of the resonator. In our case, because of the small value of C (see Fig. 2(b) ), the capacitor's response time can safely be considered instantaneous. The mechanical response of the resonator is determined by its spectrum of vibrational eigenmodes. A mechanical spectrum of a fabricated device is obtained by detuning the probe laser to the blue side of a WGM resonance of the microtoroid, thus imprinting the mechanical Brownian motion of the resonator onto intensity fluctuations of the photodetected light which are observed with a spectrum analyzer (see Fig. 4(b) ). The mechanical spectrum reveals a number of different resonant modes ranging approximately from 1 to 25 MHz. The mechanical mode corresponding to a 'radial breathing mode'-like deformation of the structure which, because of its essentially in plane and rotationally invariant nature, couples well to both the optical modes of the microtoroid as well as to the capacitive actuation is shown in Fig. 5(a) . Applying concomitantly a DC voltage and an AC voltage to the electrodes at this mechanical frequency enables efficient modulation of the laser light with a modulation period of 55 ns, three orders of magnitude faster than previously demonstrated thermal modulation schemes on microtoroid resonators [16, 17] . Ultimately, because of the high optical Q of the microtoroids, an upper bound on the modulation frequency is introduced by the finite cavity lifetime τ cav of the WGMs. This is in contrast to most previously demonstrated mechanical modulation of lower optical Q cavity schemes [2, 28, 29, 7] , where the mechanical cutoff at higher frequencies is the limiting factor. Note that the use of a bias tee, as shown in Fig. 4(b) , enables the concomi- tant application of a large DC bias and small AC modulation. Since the capacitive force scales as V 2 , this can lead to a greatly increased AC response, providing a 2 V DC /V AC boost in the frequency shift compared to the no DC case. With a 200 V DC bias, a 5 V peak to peak (Vpp) AC modulation is sufficient to provide full depth (on/off) optical modulation, using the parameters in Fig. 4 (2V DC V AC α/2π = 9 MHz), which we observed experimentally. The voltage requirement for optical modulation is further reduced by a factor Q M if the AC drive is resonant with a mechanical mode of quality factor Q M . Indeed for an AC drive resonant with the 18 MHz mechanical mode (with Q M =180), only 30 mVpp is required for full depth modulation. This very low voltage optical modulation make the capacitively driven microtoroids developed here efficient radio frequency to optical conversion devices [30].
Transient response
Next, we consider the transient response of the devices to a voltage spike applied to the electrodes. This spectrally broad pulse will excite many mechanical modes of the microtoroid to various amplitudes, which then each ring down at their own decay rate. The ringdown time of the device is then a combination of the transient responses of all the excited mechanical modes and is essentially dominated by the ringdown time of the excited mechanical mode with the slowest decay rate. While the previously discussed response to harmonic driving is relevant for some RF to optical conversion applications, this transient response is a pertinent metric for switching and add/drop applications, as it will ultimately limit the rate at which these operations can be realized. Figure 5(b) shows a measurement of the transient response of the microtoroid. A square modulation signal with 10 Vpp and frequency 1 kHz is sent onto the AC port of the bias tee (red trace). The AC port of the bias tee behaves as ∼140 kHz high pass filter and converts the square modulation into a series of upwards and downwards voltage spikes with duration ∼7 µs. These spikes excite the radial breathing mode and a combination of lower frequency mechanical modes of the microtoroid, with a resultant effective ringdown time of ∼ 12µs, corresponding to a frequency of approximately 80 kHz. This value is close to the ringdown time of the RBM (100 kHz). In contrast to harmonic driving where high Q mechanical modes are desirable, for switching applications a low mechanical Q is advantageous to reduce this ringdown time. This could be achieved through engineering of the shape and position of anchors or proper choice of the undercut ratio of the silicon pedestal for example [1, 31] . Even according to this more stringent and currently unoptimized metric, the achievable tuning frequencies are nearly two orders of magnitude larger than previously demonstrated techniques [16, 17].
Improved interdigitated electrode design
While the fabricated devices already demonstrate efficient optical modulation and fast switching and tuning capabilities, here we theoretically investigate how they could be further improved. In particular increasing the capacitive force F cap would increase the achievable tuning range and reduce the need for a large DC bias in the experiments. Let us consider for illustrative purposes the case of a parallel plate capacitor, for which analytical solutions for the capacitance and capacitive force exist:
where ε 0 = 8.85 × 10 −12 F m −1 , K, A and g are respectively the vacuum permittivity, dielectric constant of the material between the capacitor plates, the capacitor area and distance between the plates. Equation (3) shows that an increase in force per V 2 can be achieved through a combination of increased plate area and decreased separation g. In the current design the smallest achievable gap size g is limited to a few microns by the resolution of the photolithography and the wet etch step to form the slot in the silica, as shown in Fig. 3 . A solution to overcome this limitation is to do away with the slot altogether, as shown in Fig. 6(a) . At the cost of increased mechanical stiffness, removing the slot provides two main advantages. First, it allows for the fabrication of significantly reduced gap sizes through e-beam lithography. Second, it allows for a large increase in the number of electrodes through an interdigitated design, effectively increasing the electrode area in Eq. (3). Figure 6 (b) shows a cross-sectional view of the proposed approach, with 30 electrodes of width 0.9 micron separated by 150 nm patterned on the top surface. The capacitance calculated for this structure is 250 fF, more than 50 times larger than in our current design. In order to take into account both the effect of the material between the electrodes as well as the fact that the applied force is now distributed throughout the microtoroid surface, we perform full electromechanical FEM simulations to obtain the deformation of the structure in response to an applied bias voltage. The parameters used in this simulation are summarized in Table 1 . The results of this simulation, for a 1 V bias applied between the electrodes, are shown in Fig. 6(c) . Here the effect of an applied bias is to deform the structure downwards and slightly outwards, effectively increasing the microtoroid's radial dimensions, which is exactly the opposite effect we measured with the slotted microtoroid. This somewhat counter-intuitive behavior can be understood by considering the stored energy inside a capacitor
C . For a fixed charge Q, the system will seek to minimize its potential energy through an increase in C. As shown in Eq. (3), this can be achieved by reducing the gap g between the electrodes -as observed previously, but can also be achieved through an increase in the effective dielectric constant K of the material between the electrodes. Here the microtoroid bends downwards (and not upwards as would be expected from a tensile stress being applied to its top surface), so as to maximize the amount of dielectric enclosed between the electrodes. This is shown schematically in Fig. 6 (d) : provided the dielectric contribution is large enough, the lowest energy solution can actually correspond to an increase in the total separation between the electrodes (left image). To verify this is the correct interpretation, we numerically verify that the downward deflection indeed corresponds to a lower energy state. Furthermore, when adding a high K dielectric coating over the electrodes, the system recovers an upward deflection. With the experimentally achievable parameters of Table 1 , this optimized geometry provides a tunability of α = −0.77 MHz/V 2 , a more than two orders of magnitude improvement over current performance, with a bias on the order of 2 V sufficient to displace a high Q WGM resonance by one linewidth. Note that here most of the generated deformation is out-of-plane, and therefore 
Conclusion
We have developed an approach to reversibly tune the optical resonances of high Q on-chip silica microtoroid resonators based on capacitive actuation, enabled by electrodes patterned on the top surface of the microresonator. This method provides up to tens of MHz modulation rates, several orders of magnitude faster than previously demonstrated heat based techniques.
We additionally presented an improved design based on interdigitated electrodes that further improves on current performance. These results add a new level of functionality to a mature platform with a broad range of applications ranging from optomechanics, on chip lasers and biosensing to nonlinear optics. Our approach leaves the reflown silica surface intact, and therefore maintains the high optical Q and the possibility to functionalize the silica surface. It may also find use in the active field of RF to optical conversion [30, 29, 27, 33] .
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This The maximum achievable frequency tuning range ∆ω max is limited by the breakdown voltage of the electrodes V B through ∆ω max = αV 2 B (from Eq. (2)). We experimentally measure the value of V B on six different devices with gap g ranging from 3 to 7 microns. These results are shown in Fig. 7(a) . V B reproducibly falls inside a band from 310 to 340 volts. Fig. 7(b) shows the theoretical breakdown voltage in air at one atmosphere, as a function of electrode gap distance. It is comprised of two curves; the solid blue curve corresponding to the regime of avalanche ionization of the gas, while the dashed blue line of slope ∼ 100V /µm corresponds to the regime of field emission current induced vaporization of the metal electrode [34] responsible for the trend towards reduced V B for micrometer and sub-micrometer sized gaps between metal electrodes. Our experimental data is in good agreement with the values expected from the theory.
